How species-specific developmental timing is controlled is largely unknown. By following human embryonic stem (ES) cell and mouse epiblast stem (EpiS) cell differentiation through detailed RNA-sequencing time courses, here we show that pluripotent stem cells closely retain in vivo species-specific developmental timing in vitro. In identical neural differentiation conditions in vitro, gene expression profiles are accelerated in mouse EpiS cells compared to human ES cells with relative rates of differentiation closely reflecting the rates of progression through the Carnegie stages in utero. Dynamic Time Warping analysis identified 3389 genes that were regulated more quickly in mouse EpiS cells and identified none that were regulated more quickly in human ES cells. Interestingly, we also find that human ES cells differentiated in teratomas maintain the same rate of differentiation observed in vitro in spite of being grown in a mouse host. These results suggest the existence of a cell autonomous, species-specific developmental clock that pluripotent stem cells maintain even out of context of an intact embryo.
Introduction
A central challenge for the human embryonic stem (ES) cell and induced pluripotent stem (iPS) cell field is that differentiation rates reflect a species with a nine month gestation period, with protocols often requiring several months (Shi et al., 2012b; Ebert et al., 2009; Espuny-Camacho et al., 2013; Krencik et al., 2011; Kriks et al., 2011) . The extended time required for producing specific cell types and lack of physiological maturity are substantial obstacles to the clinical use of human pluripotent stem cells (Saha and Jaenisch, 2009; Broccoli et al., 2014) . Understanding what controls species-specific rates of differentiation is essential for determining if and how these rates can be altered.
Although it is known that human pluripotent stem cell differentiation generally takes longer than mouse pluripotent stem cell differentiation, a detailed examination of these species-specific differentiation rates is lacking. In this study, we examined the differences in species-specific developmental timing by measuring rates of human and mouse pluripotent stem cell differentiation under identical anterior neural differentiation conditions in vitro through comprehensive RNAsequencing (RNA-seq) time courses. When compared to Carnegie stage progression in utero, we found a remarkable similarity between in utero and in vitro rates of differentiation. Furthermore, we tested the autonomy of this timing by following human ES cell differentiation in teratomas by RNA-seq to assess if mouse host factors were capable of accelerating rates of development. We found that human timing was maintained in teratomas despite being exposed to murine host factors. These results provide evidence for an autonomous, species-specific developmental clock.
Results
2.1. Species-specific timing is maintained during neural differentiation in vitro maintained outside of the embryo (ex utero) by differentiating human and mouse pluripotent stem cells towards neural lineages under identical conditions in vitro. Mouse EpiS cells and human ES cells were compared because they represent closely related developmental stages and thus respond similarly to growth factors (Brons et al., 2007; Greber et al., 2010; Tesar et al., 2007; Rossant and Tam, 2017) . A single defined neural differentiation medium was used throughout the time course to differentiate cells to the early forebrain and neocortex (see Section 4) (Espuny-Camacho et al., 2013; Levine and Brivanlou, 2007; Chambers et al., 2009) . Enhanced green fluorescent protein (EGFP)-positive cell lines were used to remain consistent with the teratoma tracking studies later in this report. Mouse EpiS cells and human ES cells cultured in this defined neural differentiation medium induced similar homogeneous expression of neural marker PAX6 (Zhang et al., 2010) , reaching maximal expression at day 3 in mouse and day 5 for human cells (Fig. S1 ).
Mouse and human cell differentiation were followed for 3 and 6 weeks, respectively, and RNA-seq was performed on samples taken every day for the first 8 days, then every other day for the remainder of the time course. PAX6-positive neural rosettes were detected by immunofluorescence at days 4 and 12 for mouse and human samples, respectively (Fig. 1A) . Mouse cells expressed neocortex markers Ascl1 and Tbr1 after 6 days of differentiation, while human cells required 20 days to achieve similar marker expression and cell morphology (Fig. 1A) . After 12 days for mouse and 38 days for human cells, neurons appeared elongated with bundles of cable-like projections characterized with axonogenic proteins BIII-TUB and DCX.
The RNA-seq time course revealed that key neural regulatory genes were upregulated in mouse cells before their human orthologs (Fig. 1B) . Neuroectoderm gene expression (e.g., PAX6, SOX1) preceded neurogenic and embryonic neocortex markers (e.g. FOXG1, BRN2, TBR1, NEUROG2, ASCL1 ), which is consistent with previous reports (Chambers et al., 2009; Espuny-Camacho et al., 2013; Gaspard et al., 2008; Shen et al., 2006; Shi et al., 2012b , Van De Leemput et al., 2014 . Genes involved in axonogenesis (MAP2, DCX, BIII-TUB), neural stem cell expansion (e.g. GLAST, OLIG2, GFAP ), and neural maturation and synapse formation (e.g. SYT4, SYT11, SNAP25 ) were all temporally upregulated in mouse EpiS cells before human ES cells (Fig. 1B) . GABAergic and Glutamatergic-specific neural gene expression (e.g. GABBR1, GAD1, VGLUT2, and GRIA2), markers of the maturing synapses in the embryonic neocortex, were also expressed earlier in mouse cells. Thus, classic neural markers were expressed more quickly in mouse cells than human cells.
Temporal differences in gene expression across species identified by Dynamic Time Warping (DTW) and Pearson correlation analyses
Next, we broadly identified genes which were regulated significantly (p < 0.01) more quickly in one species compared to the other. Originally developed for speech pattern recognition (Sakoe, 1978) , DTW is a powerful tool for comparing two independent time series that share similar patterns operating at different speeds. By calculating pattern matches, the algorithm locally compresses or stretches the time frame of one series to best fit a similar pattern in another and statistically assess differences in pattern velocity (Fig. 1C) . DTW has previously been adapted to identify changes in gene expression in time series data from a single species (Aach and Church, 2001; Wexler et al., 2011) , but here we employed the approach in a novel fashion to compare temporal expression data across two species during in vitro differentiation (see Section 4). After screening for genes that: (1) shared homologs in both humans and mice; (2) exhibited significant expression thresholds and dynamic ranges; and (3) demonstrated significant correlations of pattern similarities, we applied a DTW algorithm package (Giorgino, 2009) to the in vitro RNA-seq data. During neural differentiation under identical conditions, 3389 dynamic genes were identified as regulated more quickly in mouse cells than in human cells, and none were identified as slower in mouse cells than in human cells (Fig. 1D , Dataset S1). The top 2000 most significantly accelerated genes were screened for functional enrichment using DAVID Gene Ontology (GO) terms to elucidate the types of genes identified (Huang da et al., 2009a (Huang da et al., , 2009b . Several neural categories were significantly enriched, including the top 13 categories (Fig. 1E) , illustrating that genes driving neural development are expressed more quickly in mouse cells than human cells during neocortex differentiation in vitro.
We also compared global rates of neural differentiation between mouse cells and human cells using sample correlation analyses of neural gene expression over time. Pearson correlation analyses were carried out using a list of 3061 neural genes accumulated from combining three separate neural GO gene lists (see Section 4). As expected, human in vitro samples correlated most strongly with other adjacent human in vitro time points ( Fig. 2A) , as did the mouse samples compared to other mouse time points (Fig. 2B) . However, when human cells were correlated to mouse cells over time, a rather striking change in slope emerged (Fig. 2C) . Mouse time points correlated most significantly with progressively later human samples; this distorted the stepwise slope expected if rates of differentiation were equivalent between species (Fig. 2C ). For example, in vitro day 3 of mouse differentiation correlated most strongly with day 7 human, day 5 mouse with day 18 human, and day 7 mouse with day 34 human, indicating that mouse cells are differentiating more quickly than their human counterparts on a global level.
The rate of differentiation of human ES cells is maintained in teratomas
We next examined whether a mouse host would influence the timing of neural or other lineage differentiation of human ES cells in teratomas. EGFP-human ES (H1) cells or EGFP-mouse EpiS cells were injected intramuscularly into immunocompromised mice at day 0 (Fig. 3A ). Mice were sacrificed at days 2, 8, 10, 11, 14, 16, 18, 21, 23, 28, 36 , and 42 for human ES cells and at days 1, 2, 4, 8, 9, 10, 11, 14, 16 ,18 , and 21 for mouse EpiS cell-derived teratomas. Teratomas were dissected from host tissues, digested into single cell suspensions, sorted for EGFP expression by fluorescence-activated cell sorting (FACS), and analyzed by RNA-seq (Fig. 3A) .
Neurogenic genes were examined in order to compare rates of neural differentiation in teratomas with those observed in vitro. Despite the presence of mesoderm and endoderm lineages in the teratomas (which also peaked more quickly in mouse than human teratomas, Fig. S2 ), neural gene expression timing was remarkably similar to the timing observed in vitro (Fig. 3) . When graphed together, temporal regulation of representative genes of early neural tube and forebrain development including PAX6, ASCL1, BRN2, MEIS2, NEUROG1, and ATBF1 in teratomas paralleled those observed in vitro in a species-dependent manner (Fig. 3B ). Subsequently, genes involved in both axono-/neurogenesis (BIII-TUB, DCX, MAP2, DLK1) and neural stem cell identity (OLIG2, BLBP) in teratomas also closely mirrored the temporal dynamics observed in vitro (Fig. 3C) . Finally, genes involved in glutamatergic and GABAergic neuron identity and maturation as well as synapse function also followed similar expression timelines in teratomas and in vitro in a species-dependent fashion ( Fig. 3D) . Thus, the human-specific developmental timing observed in vitro was largely maintained in teratomas despite the presence of other germ layer lineages and despite being formed in a mouse host.
DTW analysis identified 3248 temporally regulated genes significantly accelerated (p < 0.01) in mouse teratomas compared to human teratomas and zero that were slower (Fig. S3A , Dataset S2). When the 2000 most significantly accelerated genes in teratomas were screened for function by the DAVID GO functional annotation tool, the list of terms involved in neurogenesis was enriched in the top 20 terms (Fig.  S3B) . Indeed, 15 out of the top 15 neural-specific GO terms enriched In vitro neural differentiation occurs more quickly in mouse EpiS cells compared to human ES cells. (A) EGFP-H1 and EGFP-mouse EpiS cells were exposed to identical differentiation conditions on day 0 and were fixed and stained with the indicated antibodies at various time points. Samples were imaged on a Nikon confocal A1R microscope (scale bars=250 µm). Other samples were lysed at regular time intervals and subjected to RNAseq (B). Expression of gene TPMs were scaled from their minimum (0) to maximum (100) values to compare dynamic ranges between mouse and human samples. Classical gene markers of embryonic neuroectoderm (NE), forebrain, neocortex, neurogenesis, and synapse formation are shown. (C) BRN2 expression is shown as an example of a gene identified as accelerated in mouse (red) compared to human cells (black) using DTW analysis by identifying and warping similarly patterned regions (dotted lines). Global DTW was applied to all genes to identify significantly faster genes (p < 0.01) in mouse compared to human cells during in vitro neural differentiation (D). (E) The 2000 most significantly accelerated genes were screened for enriched functional GO terms using the DAVID functional annotation tool. The top 20 terms are shown, and neural cell differentiation-related terms are in bold.
for genes accelerated in vitro were also significantly enriched for accelerated genes in teratomas (p < 0.001, Fig. 3E ), indicating that similar species-specific differences in temporal gene expression occurred in vitro and in teratomas.
Furthermore, we applied Pearson correlation analyses between samples to more globally compare rates of differentiation in teratomas to rates in vitro. Human teratoma sample differentiation progression corresponded to human in vitro progression but with a delay during the initial onset of differentiation, confirming that the rate of differentiation in human teratomas was not accelerated by the mouse environment (Fig. S4A) . Similarly, mouse teratoma samples correlated well with mouse in vitro day equivalents (Fig. S4B) , supporting the notion that in vitro rates of species-specific developmental timing were maintained in teratomas.
Rates of neural differentiation ex utero mirror those of Carnegie stage progression in utero in a species-specific manner
In order to compare rates of differentiation ex utero directly with those in utero, we compared the timing of neural gene peaks in mouse relative to human cells in vitro with Carnegie stage progression during gestation. First, peaks in gene expression were identified in mouse and human differentiation time courses by segmentation regression analysis (see Section 4). A minimum of three days was used to identify individual segments, and segment breakpoints constituting an increasing and subsequently decreasing segment were identified as peaks. Overall, 187 genes were identified as having peaks in both mouse and human time courses (Fig. 4A ). Using the 10 neural genes identified as having the highest amplitude in human samples over time ( Fig. 4B ; see Section 4), we graphed genes based on when they shared their peak in both human and mouse time courses (Fig. 4C, red) .
Next, we transposed in vitro differentiation days into embryonic day equivalents. Because a recent study suggested that mouse EpiS cells most closely reflect an embryonic age of 6.5-7.0 days post fertilization (E6.5-7.0) in the mouse embryo (Kojima et al., 2014) . We assigned "day 0" mouse EpiS cells to be the equivalent of in vivo E6.5. As both human ES cells and mouse EpiS cells are believed to represent a similar phase in development (Brons et al., 2007; Mascetti and Pedersen, 2016; Tesar et al., 2007; Rossant and Tam, 2017) , we also set day 0 human ES cells to represent 15 days post fertilization in the human embryo, a roughly equivalent stage to the mouse at E6.5.
After adjusting in vitro differentiation days to embryonic time by adding 6.5 days to mouse peak times and 15 days to human peak times, Carnegie stage progression during gestation was overlaid with our sample peak correlations to compare rates of differentiation of pluripotent stem cells within and without the embryo (Fig. 4C ). Trendlines were calculated in Excel using a best-fit linear straight line function to identify progression rates for both Carnegie stages in utero (black) and in vitro gene expression peaks (red). Strikingly, superimposed trendlines from the matched peaks (red) and Carnegie stages (black) exhibited nearly identical slopes (Fig. 4C) , indicating that differentiation rates are remarkably similar in utero and ex utero, and reinforcing the idea that a cell autonomous clock is driving differentiation rates ex utero in a species-specific manner.
Discussion
In this study, we measured rates of human and mouse pluripotent stem cell neural differentiation in vitro and in teratomas and compared them with rates of development in utero. We found that pluripotent stem cells maintained species-specific rates of differentiation in both conditions ex utero and identified thousands of genes with speciesspecific differences in temporal gene expression in mouse cells compared to human cells. Although we selected a simple singleinhibitor protocol that functions for both human and mouse anterior neural cell differentiation, other protocols, using a variety of pathway inhibitor combinations as well as both 2D and 3D culture systems, all result in similar neural marker expression timing (Chambers et al., 2009; Espuny-Camacho et al., 2013; Gaspard et al., 2008; Maroof et al., 2013; Shi et al., 2012a , Van De Leemput et al., 2014 , Kelava and Lancaster, 2016 . Interestingly, when differentiated in teratomas in a mouse host, human ES cells maintained their own rather than their host species developmental timing, demonstrating that host factors failed to accelerate the donor developmental clock. Although it is generally recognized that differentiation procedures can take longer for human ES/iPS cells than for mouse ES/iPS cells, our results highlight how very closely species-specific developmental timing is maintained by pluripotent stem cells ex utero and suggest that developmental timing involves a remarkable degree of cell autonomy.
Species-specific autonomy in size regulation or timing has been demonstrated in other biological systems at either the cell or rudiment level. Classical amphibian transplantation experiments have shown that when either eye or limb bud rudiments are transplanted between species of different sizes, the species source of the rudiment and not the host, largely determined final structure size (Harrison, 1924 , Twitty, 1931 . More recently, chick limb transplants between chicks at different developmental stages also exhibited retention of donor stage-specific intrinsic time (Saiz-Lopez et al., 2015) . Experiments in mice and rats have also demonstrated retention of cell autonomy in the timing of neural and glial precursor differentiation, fate choices, and apoptosis in transplants and ex vivo cultures (Watanabe and Raff, 1990; Southwell et al., 2012; Shen et al., 2006; Raff, 2007; Gao et al., 1997) . During neural differentiation in vitro, regulation of cell cycle and post-mitotic states of maturation are also retained by human and non-human primate pluripotent cells according to their species of origin (Otani et al., 2016; Mora-Bermudez et al., 2016) . Mammalian development is highly regulative with key developmental decisions controlled by inductive interactions between different tissues. Thus, although our results suggest the existence of cell autonomous, species-specific developmental timing, this doesn't mean that external signals cannot influence that timing. While, in this study, we found developmental timing is maintained during anterior neural differentiation, we cannot necessarily extrapolate that species-specific timing is as robustly maintained during the differentiation of all other organ systems. Some reports have suggested that developmental timing can be at least modestly accelerated (Buchholz et al., 2013; Chan et al., 2013; Gaur et al., 2010; Parchem et al., 2015; Sasaki et al., 2010 , Zhu et al., 2013 . For example, by modifying culture conditions, the time required to derive different types of neural cells from human ES cells has been reduced (Chambers et al., 2012; Sasaki et al., 2010; Amoroso et al., 2013) . Similarly, injecting human ES cells into the lateral ventricles of E14 mouse embryos was reported to accelerate production of neural cells (Muotri et al., 2005) . In another model, differentiation of pancreatic beta cells was also sped up compared to all other previous in vitro protocols (Pagliuca et al., 2014) . Because the timing of many embryonic events during human development is often not known accurately due to the lack of embryonic material, it is often unclear from these studies whether developmental timing was altered per se or if the apparent acceleration was due to improving conditions such that the rate of differentiation better approximated the actual in vivo rate (Chen et al., 2014; Ozeki et al., 2012; Tadeu et al., 2015) . Whether exposing human pluripotent stem cell to a mouse embryonic environment can more dramatically accelerate differentiation is currently unclear. Recent studies creating chimeras between human pluripotent stem cells and mouse embryos have demonstrated survival and integration of the human cells but the differentiation status of the integrated human cells was poorly characterized (Gafni et al., 2013; Mascetti and Pedersen, 2016) .
The retention of species-specific developmental timing by pluripotent stem cells presents a practical challenge for regenerative medicine, but also represents an opportunity, as pluripotent stem cells offer a new tissue culture model to study the relationship between developmental timing and scale in mammals. The extreme range of body sizes in mammals, from the~1.8 g Etruscan shrew (Jurgens, 2002) to the~180 metric ton blue whale (Mackintosh, 1929) , has fascinated developmental biologist for years (Bonner, 2006) . It has long been appreciated that larger bodies generally take longer to develop to maturity than smaller ones, yet remarkably little is known about how body size is regulated between species. Because conserved developmental milestones stretch out in time as body size increases, one key element to understanding the control of body size is an understanding of the control of developmental timing. Since species-specific developmental timing is maintained by pluripotent stem cells, iPS cells offer a new opportunity to study the control of developmental timing across the entire range of mammalian body sizes. For although it was previously impossible to perform experimental embryology in a blue whale, iPS cells could effectively bring whale embryology into the laboratory. C. Barry et al. Developmental Biology (xxxx) xxxx-xxxx 4. Materials and methods
Derivation and culture of EGFP-H1 cells
H1 human ES cells were cultured and passed as previously described (Chen et al., 2011) . Cells were maintained in E8 medium (Thermo Fisher Scientific, USA), on matrigel-coated tissue culture plates and split with EDTA. EGFP-positive cells were derived by electroporation of a pUC plasmid encoding the EGFP gene driven by the EF1α promoter. EGFP-expressing clones were generated by sorting single cells into 96-well plates by FACS on a BD Aria III (Becton Dickinson, USA). Clones resistant to gene silencing during differentiation and karyotypically normal (WiCell, WI, USA) were selected for experiments going forward.
Derivation and culture of EGFP-mouse EpiS cells
Male and female C57BL/6-Tg(CAG-EGFP)1Osb/J (JAX Stock No. 003291) mice were intercrossed for one overnight period (0.5-day; dark-cycle). The next morning the female mice were examined for the presence of a copulatory plug. The uterine tract of timed pregnant female C57BL/6-Tg(CAG-EGFP)1Osb/J mice, at 5.5 dpc, were dissected and transferred to a 60-mm petri dish filled with FHM media (Millipore, MA, USA; MR-025-D). The embryos were dissected and grown as previously described (Brons et al., 2007; Tesar et al., 2007) . Cells were maintained on P1-P3 murine embryonic fibroblasts (MEFs) in growth medium containing 20% knockout serum replacement, 0.18 mM B-mercaptoethanol, 1Xnon-essential amino acids, 2 mM Lglutamine, 7.5 ng/mL activin A, and 5 ng/mL bFGF in DMEM/F12. Cells were split by TrypLE-mediated dissociation (Thermo Fisher Scientific, USA) and replated onto MEFs with 10 µM Y27632 ROCK inhibitor overnight to increase cell survival (R & D Systems, MN, USA). EGFP-negative cells were removed by cell sorting and the resulting clones maintained 100% EGFP-positive cells for the duration of the experiments. Cells were karyotyped to confirm the absence of genetic abnormalities (WiCell, USA).
In vitro neural differentiation
H1 and mouse EpiS cells were dissociated at d0 (EDTA for H1 and TrypLE for mouse EpiS cells) and seeded onto matrigel-coated 6-well plates (for RNA sequencing and FACS analysis) or 12-well plates (for immunofluorescence). Neural differentiation medium consisted of DFS3 (DMEM/F12, 64 mg/L L-ascorbic acid phosphate Mg salt, 0.014 mg/L sodium selenite, 1743 mg/L sodium bicarbonate; Thermo Fisher Scientific, USA) complemented with N2 and B27 supplements (Thermo Fisher Scientific, USA) and 100 ng/mL Noggin (R & D Systems, MN, USA). Since human cells only became postmitotic at much later time points than mouse cells, cells were split 2-3 more times throughout the experiment to day 42. Cells were fed every day throughout the time course.
At collection time points for RNA sequencing, mouse and human cells were washed once in phosphate buffered saline (PBS), lysed in 350 µL RLT-PLUS buffer (Qiagen, CA, USA), and stored at −80°C until further processing (see sample processing below). For protein expression analysis by immunofluorescence, cells were washed once in PBS and incubated at room temperature with 2% paraformaldehyde in PBS for 15 mins. Cells were washed again with PBS and were stored in fresh PBS at 4°C until further processing.
Flow cytometry
At the indicated time points, 350 µL of TrypLE was added to each 6-well and incubated at 37°C until cells were singularized (1-5 min) and transferred to 1.5 mL non-stick microfuge tubes (Ambion). 1 mL FACS buffer consisting of PBS with 5% fetal bovine serum was added to each tube and cells were spun at 400Xg for 3 mins. Cell pellets were resuspended in 500 µL PBS and mixed with 500 µL of 1% paraformaldehyde in PBS (0.5% working concentration) and incubated at 37°C for 10-15 mins. Cells were again washed with 1 mL FACS buffer and resuspended in 90% methanol in PBS pre-chilled to −20°C. Samples were kept at −20°C for a minimum of 18 h.
For labeling, samples were spun down at 500Xg for 3 mins, washed once in 1 mL FACS buffer, then incubated with PAX6 antibody (DSHB ,  Table S1 ) diluted 1:100 in FACS buffer at 4°C overnight. The next day cells were washed with 1 mL FACS buffer and incubated for 30 mins in the dark at room temperature with a 1:500 dilution of Alexa647-conjugated Goat anti-mouse secondary antibody in FACS buffer. Cells were washed once more, run on a BD FACSCanto II, and analyzed using FlowJo 9.3 software (FlowJo, LLC).
Immunofluorescence sample preparation, acquisition, and image processing
Samples were permeabilized and blocked in incubation buffer (0.25% Triton X-100% and 1% bovine serum albumin in PBS) for 60 min. Samples were then treated with primary antibodies (see Table  S1 ) in incubation buffer either at 4°C overnight or four hours at room temperature. Samples were rinsed with wash buffer (0.05% Triton X-100 in PBS; 2×60 min) and treated with incubation buffer at least 60 additional minutes at room temperature. Samples were treated with 1:200 secondary antibodies (Alexa-conjugated, Thermo Fisher Scientific, USA) and 5 μg/mL DAPI (4′6-Diamidino-2-Phenylindole Dihydrochloride, MP Biomedicals, 157574) in incubation buffer overnight at 4°C or at least two hours at room temperature. Samples were mounted by adding a drop of Aqua Polymount solution (Polysciences, Inc.) to the well and placing a round glass coverslip over the top. The mounted samples were stored overnight at 4°C and then sealed around the edges with fingernail sealant until imaging.
Confocal immunofluorescence microscopy images were collected using a Nikon A1R laser scanning confocal microscope with Plan Apo 10x, Plan Fluor 20x Ph1 DLL, or Plan Apo 20x DIC M objectives. Images were processed using NIS Elements and ImageJ. Some z-stacks were aligned using the "Align Current ND Document" (NIS Elements) before creating maximum projection images.
Teratoma formation and harvest
5-6 week old female SCID-Beige mice (C.B-17/IcrHsdPrkdcscidLystbg) were purchased from Envigo (USA). EGFP-H1 and EGFP-mouse EpiS cells were harvested from~60% confluent 10-cm dishes and resuspended in 500uL of a 35%:65% mix of matrigel: growth medium spiked with 3 μM Y27632 for TrypLE-lifted mEpiS cells. Each mouse was injected intramuscularly in the left thigh with 200 µL of resuspended cells. 200 µL of PBS was injected into opposing thighs as negative controls. From 1 day to 42 days post injection, mice were sacrificed by cervical dislocation and left thighs were surgically opened. With the aid of fluorescent goggles (BLS Ltd, Hungary), tissues containing EGFP-positive injected cells were dissected from surrounding tissues and were sliced asthinly as possible with a razor blade in ice cold PBS. The resulting tissue clumps were spun down at 700Xg for 5 mins at 4°C and resuspended in 1 mg/mL Collagenase/Dispase (Roche) in PBS and incubated in a 37°C water bath for 1 h with vigorous pipetting every 15 mins to break up cell clumps. The cells were then washed in PBS containing 10% fetal bovine serum. Dead floating cell clumps and debris were suctioned off and cell pellets were resuspended in FACS buffer. Single cells were filtered through a 70 µM cell strainer (BD Falcon) and EGFP-positive cells were sorted on a FACS Aria III into collection tubes maintained at 4°C. Sorted cells were then washed in FACS Buffer, and a maximum of 600,000 cells were resuspended in 350 µL of RLT-PLUS buffer (Qiagen) and placed at −80°C until further RNA processing.
Sample processing and illumina RNA-sequencing
Cell lysates were processed and sequenced as previously described . Briefly, total RNA was isolated using an RNeasy Plus Mini Kit (Qiagen). cDNA libraries were prepared and indexed with the Ligation Mediated Sequencing (LM-Seq) protocol. Final indexed cDNA libraries were pooled with six to eight uniquely indexed LM-Seq cDNA libraries per lane and sequenced on an Illumina HiSeq 2500 with a single 51 bp read and a 10 bp index read.
RNA-seq pipeline
Reads were first trimmed of adapter sequences prior to further analysis. Average read depths were 12+/−2 million reads per sample. Only one sample failed our quality control due to extremely low numbers of starting cells (human ES teratoma day 1), resulting in only 3% of reads mapping to the transcriptome compared to 55-75% for all other samples, and was therefore removed from further analyses. For each species, Expected Counts (EC) and transcripts per million (TPM) expression measures were generated by RSEM. Mitochondrial genes were removed from analysis and samples were re-scaled to nuclear gene TPMs. Technical replicates were collapsed into a single averaged sample by calculating the mean EC and TPM for each gene. When directly comparing mouse and human gene expression at the single gene level, all TPM expression levels were scaled from 0 (min) to 100 (max) to emphasize expression dynamics over time between species.
Neural gene correlation analysis
For all correlation analyses between mouse and human cells, we compiled a list of neural genes including all 3061 genes annotated as the offspring of the Gene Ontology terms: nervous system development (GO:0007399), neuron part (GO:0097458), and synapse (GO:0045202) in the Bioconductor annotation data package. Using this list, Pearson correlations of log-transformed TPMs were calculated after filtering for genes that 1) had orthologs among both mouse and human species according to the Mouse Genome Informatics (MGI) project (http://www.informatics.jax.org/) and 2) at least one time point had a TPM > 0.
Dynamic Time Warping Analysis
We first required that genes be well-expressed and demonstrated sufficient variations in both species. Thus, for each species, we only used genes where the average TPM over the entire time course was greater than 1 and had a dynamic range greater than 5-fold. These two criteria were applied to both species. We also filtered out genes that did not have orthologs in both humans and mice according to the MGI table (http://www.informatics.jax.org/homology.shtml). For each species, we further scaled TPMs from 0 (minimum value) to 1 (maximum value).
A DTW algorithm was then applied to measure the similarity between two temporal gene expression patterns using the established R package "DTW". We further calculated the Spearman correlation coefficients (Rho) on aligned days. To ensure the aligned days were comparable, we required that the DTW alignments between human and mouse genes be rank correlated (Rho > 0.8). Two one-sided Wilcoxon signed-rank tests were applied to assess the statistical significance of developmentally faster or slower in human compared to mouse cells, and anything with a p < 0.01 was assigned as significant. Gene lists are provided in data set S1 and data set S2.
Segmentation regression and peak identification analysis
EC data were normalized using median-by-ratio normalization (Anders and Huber, 2010) . A segmented regression was fit across the time course RNA-seq data for each gene using SegReg. SegReg fits a set of segmented regression models on each gene's expression over the time course and estimates the optimal number of breakpoints. Breakpoints are times where gene expression is changing: segments with positively sloped segments are increasing expression over time, while segments with negatively sloped segments are decreasing over time. Only genes having mean expression greater than five are included in the analysis. Here, SegReg only considered a maximum of three breakpoints for each gene with each connecting segment containing at least three time points. A p-value cutoff of 0.2 was used to determine if a segment is increasing versus staying the same or decreasing versus stay the same. Top dynamic genes are selected as those having an adjusted R 2 > 0.5. The peak analysis was conducted by identifying genes with an initial significant increasing segment followed by a significantly decreasing segment. The top ten human neural genes identified having the largest amplitude and used for peak correlation plots were (in order of amplitude): DLK1, ZFHX3, PAX6, LIX1, BRN2, NR2F1, LHX2, EPHA3, ACTA2, and ST18. In vitro differentiation days were then transposed to embryonic days by adding 6.5 days to mouse EpiS cell and 15 days to human ES cell time points, and peaks were plotted for each species. In utero Carnegie stage matching of human and mouse gestation was then overlaid onto the neural gene peaks graph based on embryonic days post fertilization as summarized online at the UNSW Embryology website (Hill, 2017) .
Functional gene ontology group analysis
The top 2000 most significantly accelerated genes were selected for DAVIG GO enrichment analysis. GO enrichment for developmentally accelerated genes was performed by testing for enrichment against the default Homo sapiens background gene set using the DAVID functional annotation web tool (https://david.ncifcrf.gov). GOTERM_BP_FAT functional annotations were used for grouping genes, and categories were ranked by p-value. The top 20 unfiltered GO terms with the smallest p-values are shown in Fig. 1D and Fig. S3 , and the top 15 neural GO terms in common between in vitro and teratoma differentiation are found in Fig. 3E . All RNA-seq results have been deposited at GEO: GSE90053.Link: http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc=GSE90053
